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E-mail address: mribeiro@ibili.uc.pt (M.J. Ribeiro).In the early stages of vision, information is transmitted through distinct physiologically deﬁned path-
ways. These may be related with three post-receptoral detection mechanisms deﬁned psychophysically
in humans. Accordingly, the parvocellular pathway is very sensitive to L-M-cone contrast, processes
mainly foveal information and underlies ﬁne discrimination of visual features. The magnocellular path-
way is most sensitive to luminance contrast and is important for visuo-spatial and motion processing.
The less understood koniocellular pathway responds to S-cone modulation outside the foveola. As such,
the three pathways process visual information in a different manner, with the L-M-cone psychophysical
channel being more devoted to central vision and the two other channels responding signiﬁcantly to
peripheral information. We measured size response functions of these three processing channels using
event related potential (ERP/EEG) recordings and stimuli with various sizes and contrasts with the aim
of studying coding of stimulus properties within each of these channels. The effect of stimulus size
was signiﬁcantly smaller for the L-M-cone channel consistent with its dominance in the central visual
ﬁeld. Furthermore, for this pathway, the effect of size was not modulated by stimulus contrast. In con-
trast, both the S-cone and achromatic channels showed a strong effect of size that was signiﬁcantly mod-
ulated by contrast. Interestingly, both the S-cone and achromatic channels responded proportionally to
the area of cortex activated, suggesting that the S-cone channel represents space in a similar manner
to the achromatic channel. In conclusion, a fundamental relation exists between previously identiﬁed
psychophysical mechanisms and population responses in the visual cortex.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Visual perception of low level features such as contrast and size
emerges from population responses in early visual cortex (Boon,
Suttle, & Henry, 2005; Boynton, Demb, Glover, & Heeger, 1999;
Page & Crognale, 2005; Ress & Heeger, 2003). However, population
responses are not easily determined from knowledge of single cell
properties. In fact, in primary visual cortex, response dependence
of single neurons on contrast varies considerably from cell to cell
(Albrecht & Hamilton, 1982) and direct inference of population re-
sponses from single cell activity is not straightforward. To illustrate
this point, Albrecht and Hamilton (1982) determined the contrast-
response functions of 247 neurons from striate cortex of monkey
and cat. The dynamic range of the contrast-response functions of
the neurons studied varied considerably so that ‘‘when considering
the activation of a large population of cells, increasing the contrast
of a grating produces an increase in both the overall number of
action potentials produced, as well as, the overall number of cells
responding” (Albrecht & Hamilton, 1982). Therefore, ‘‘there is noll rights reserved.compelling a priori reason to expect [the population response] to
ﬁt any particular mathematical function”. Here we measured scalp
responses related to population responses in human visual cortex,
in order to probe simple mathematical relationships that at-
tempted to model stimulus contrast and size response functions.
The three post-receptoral detection mechanisms, deﬁned psy-
chophysically (Cole, Hine, & McIlhagga, 1993; Krauskopf, Williams,
& Heeley, 1982; Sankeralli & Mullen, 1997), are thought to process
visual information across space differently. These mechanisms
have as their neural counterpart three retino-cortical pathways
with their different physiological properties. The parvocellular
pathway is thought to underlie ﬁne discrimination of visual fea-
tures in particular in the central visual ﬁeld, and is sensitive to
modulation of L-M-cone contrast, that results in red-green chro-
matic contrast. The magnocellular pathway is most sensitive to
achromatic (luminance) contrast and is thought to play an impor-
tant role in spatial localization and motion processing (Merigan &
Maunsell, 1993). The function of the koniocellular pathway is less
understood (Hendry & Reid, 2000). It most certainly plays a role in
color vision due to its sensitivity to S-cone contrast. In addition, it
might be involved in spatial processing, as suggested by its signif-
icant response to peripheral stimulation (Mullen, Dumoulin,
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& James, 2006), and in motion perception (Sincich, Park, Wohlge-
muth, & Horton, 2004; Wandell et al., 1999). Using ERP/EEG
recordings, we measured size response functions within each of
these channels and their interaction with contrast. We were inter-
ested in determining how size response functions are affect by
stimulus contrast and vice versa, because stimulus size inﬂuences
contrast perception (Foley, Varadharajan, Koh, & Farias, 2007;
Meese, Hess, & Williams, 2005; Wright & Johnston, 1982, 1983)
and size response functions may be affected by stimulus contrast,
just as, at the single cell level, spatial summation is strongly inﬂu-
enced by contrast (Solomon, Lee, & Sun, 2006).2. Methods
2.1. Participants
Fourteen healthy adults (9 female; average age 27; age range
22–41) volunteered for psychophysical and electrophysiological
measurements after a full description of the aims and methods of
this study. All subjects had normal or corrected to normal visual
acuity and normal color vision as assessed with the Cambridge Col-
or Test (Cambridge Research Systems, Rochester, UK). Informed
consent was obtained from all participants. The study was con-
ducted in accordance with the tenets of the Declaration of Helsinki,
and with the approved guidelines of the Ethics Committee of the
Faculty of Medicine of Coimbra.
2.2. Visual stimulation
Stimuli were generated with MatLab (version 7.3.0.) and pre-
sented with the stimulation software Stim2 (Neuroscan) with a
display resolution of 1024  768  32 and graphic processing unit
NVIDIAGeForce 6600, providedbyNeuroscan. The stimuliwere pre-
sented in a CRTmonitor (Philips) calibrated with a spectroradiome-
ter (Spectrocal, Cambridge Research Systems). The spectrumof each
phosphor was measured at 1 nm intervals across the visible spec-
trum. The Stockman and Sharpe (2000) 2-deg cone fundamentals
were used for the spectral absorptions of the L-, M- and S-cones.
From these data, a linear transform was calculated to specify the
phosphor contrasts required for a given cone contrast (Brainard,
Pelli, & Robson, 2002). Gamma correction of the monitor output
was achieved via software look-up tables. The monitor refresh rate
was set at 85 Hz.
Stimuliwere circular horizontal Gabors (sinewave gratingsmod-
ulated by a Gaussian window) presented in phase reversal mode at
the centre of the CRT monitor. The mean luminance of the stimuli
and background was 35 cd/m2. Stimuli diameters, deﬁned as two
times the standard deviation of the Gaussian aperture ﬁlter, were
4.0, 6.2, 8.3 or 10.5 of visual angle. The viewing distance was
1 m and the screen subtended a visual angle of 13.7 in width and
18.2 in height.
2.3. Manipulations of chromatic contrast
We deﬁned stimulus chromaticity using a three-dimensional
cone contrast space in which each axis represents the activation of
the L-, M- and S-cone types, normalized with respect to the white
background (i.e. cone contrast) (Cole & Hine, 1992; Derrington,
Krauskopf, & Lennie, 1984;MacLeod& Boynton, 1979). In this space,
stimulus chromaticity is speciﬁed by a given vector direction.
Krauskopf et al. (1982) deﬁned three cardinal directions that exclu-
sively stimulate each post-receptoral mechanism and no other and
can be determined from the knowledge of the cone weights of each
mechanism (Cole et al., 1993; Sankeralli & Mullen, 1996, 1997).Based on these cited reports, we chose the following cardinal direc-
tions: (1, 1, 1) – achromatic stimuli for isolation of the magnocellu-
lar pathway; (0, 0, 1) – S-cone modulating stimuli (S-cone stimuli)
for isolation of the koniocellular pathway and (1, a, 0) – stimuli
where L andMcones aremodulated in antiphase (L-M-cone stimuli)
for isolation of theparvocellular pathway. The variable ‘a’ represents
the ratio L:M cone input into the luminance mechanism. This ratio
can be determined for each subject by measuring the individual
isoluminant point (L:M ratio at which the luminance mechanism
is minimally activated). We determined this ratio by using a mini-
mum motion technique (Cavanagh, MacLeod, & Anstis, 1987) for a
patch of binocularly viewed L-M cone sinewave grating (2 cycles
per degree). The average of the L:M ratios determinedwas 3.0, rang-
ing from 2.1 to 4.9. These ratios are consistent with the values
obtained by Mullen et al. (2007). The chromaticity of the L-M-cone
stimuli was adjusted for each subject according to the determined
isoluminant point.
The Comission Internationale de l’Éclairage (CIE) x- and y-coor-
dinates of our achromatic and S-cone stimuli were as follows:
background and achromatic stimuli, x = 0.28, y = 0.30; +S-cone,
x = 0.25, y = 0.21 and S-cone, x = 0.35, y = 0.53. The coordinates
for the average L-M-cone stimuli, with L:M ratio of 3, were: L-M-
cone, x = 0.33, y = 0.28 and M-L-cone, x = 0.23, y = 0.33.
The luminance and chromatic modulation of the stimuli can be
represented by two vectors of equal length symmetric about the
origin of the cone contrast coordinates. The contrast at the centre
of the Gabors was deﬁned as the length of the vector in cone con-
trast space that represents chromaticity at the peak of the sinusoid
(from the origin of the cone contrast space to peak contrast; equal
to the square root of the sum of the squared cone contrasts). We
used this contrast metric to make comparable the contrast-re-
sponse curves obtained with stimuli modulated along different col-
or directions.
To study the effect of contrast, we used ﬁve different contrast
levels for each stimulus type. These were as follows:
Achromatic stimuli – 0.12, 0.24, 0.48, 0.72 and 0.96.
L-M-cone stimuli – 0.015, 0.03, 0.06, 0.09 and 0.125.
S-cone stimuli – 0.15, 0.325, 0.50, 0.675 and 0.85.
2.4. Spatiotemporal criteria
To enhance the relative isolation of the different retino-cortical
pathways, we used stimuli with distinct spatiotemporal criteria.
Differences in temporal rates are not ideal, but they are also neces-
sary due to the need of differentially recruiting populations with
different tuning properties.
Achromatic stimulus parameters: Spatial frequency 0.5 cycles per
degree (cpd) and reversal rate of 10 rev/s.
L-M-cone and S-cone stimulus parameters: Spatial frequency
2 cpd and reversal rate of 2 rev/s.
2.5. Experimental protocol
During EEG recording, stimulus presentation was divided into
segments of around 10 min and subjects were allowed to rest in
between segments as necessary. During each segment, only one
type of stimulus was presented (achromatic, L-M-cone or S-cone
stimuli) and stimulus contrast and size changed randomly every
3 s. This procedure minimized the likelihood of short-term adapta-
tion effects. Furthermore, we did not observe any response drift for
each stimulus condition across time. For each stimulus type there
were ﬁve different contrasts, four different stimulus sizes and one
blank condition (mean luminance background with ﬁxation spot),
making a total of 21 stimuli per retino-cortical pathway.
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the centre of the screen while indicating through button presses if
stimulus contrast increased or decreased. This behavioral task was
aimed at maintaining the participant’s attention on the visual
stimuli stable throughout the EEG recording session.2.6. Data acquisition and analysis
ERPs were recorded using a 64 channels Neuroscan system with
scalp electrodes referenced to Cz and recalculated to linked ear ref-
erences. Vertical and horizontal electrooculograms were also re-
corded in order to reject artifacts caused by blinking and eye
movements. A trigger pulse was generated at the onset of each
stimulus (at each phase reversal). Data analysis was performed
with Scan4.3 (Neuroscan). For each subject, we chose to depict
the analysis of the midline electrode with higher response ampli-
tude (Pz, POz or Oz). We applied a bandpass ﬁlter with cutoff fre-
quencies of 0.5 and 30 Hz, for the analysis of the L-M- and S-cone
responses, and cutoff frequencies of 1 and 30 Hz for analysis of the
achromatic response. All the ﬁltering was performed using the
12 dB/octave and the Zero Phase Shift options available in Scan4.3.
Zero Phase Shift ﬁltering makes two ‘‘passes” through the ﬁlter,
once in each direction and, therefore, it has no effect on the evoked
potential component latencies. The recorded ﬁles were then cut
into epochs. The epochs of the signal elicited by the achromatic
stimuli were 200 ms long (1 full cycle at 5 Hz cycling rate) from
beginning of each cycle. The epochs of the signals elicited by the
L-M- and S-cone stimuli were 500 ms long, starting 50 ms beforetsartno
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Fig. 1. Visual evoked potentials (VEPs) obtained with L-M-cone modulations.
Positive voltage is up. (A) Grand averages for ﬁve stimulus contrasts (labeled on the
left) and four stimulus sizes (labeled on top). (B) Representative examples of
individual VEPs from four participants, elicited by stimuli with 10 diameter and
ﬁve different levels of contrast (labeled on the left).phase reversal and ﬁnishing 450 ms after. For L-M and S-cone stim-
ulation, a baseline was set from 50 ms to the onset of the stimu-
lus (0 ms). For achromatic stimulation, and given that we were
measuring a steady state response, the baseline was determined
as the average value of the entire sweep ranging from stimulus on-
set till 200 ms after, that is, our baseline represents the mean
amplitude of one temporal cycle of the achromatic stimulus. Arti-
fact rejections were conducted automatically on the basis of deﬂec-
tions with amplitude higher than 30 lV. The epochs of each
stimulus type were averaged (around 100 for the achromatic re-
sponse and around 150 for L-M- and S-cone responses). Note that,
for calculation of the evoked potentials elicited by L-M- and S-cone
stimuli, both phases of the stimulation cycle were averaged to-
gether. For the L-M- and S-cone responses, we calculated the
amplitudes and latencies of the peaks by programming the Scan4.3
software to ﬁnd automatically the maximums and minimums of
the waves within time windows deﬁned by inspection of the grand
average VEPs. For the L-M-cone responses, we determined the
amplitude and latency of the three positive peaks by imposing
the following time windows: P1, the maximum between 50 and
110 ms; P2 the maximum between 120 and 180 ms; and P3, the
maximum between 180 and 250 ms. For the S-cone responses,
we measured the amplitude and latency of the three peaks, two
maximums and one minimum: P1, the maximum between 50
and 150 ms; N1, the minimum between 100 and 200 ms; and P2,
the maximum between 150 and 300 ms. The signal strength of
the achromatic responses was not calculated based on peak ampli-
tudes but rather on the mean amplitude of the rectiﬁed wave with-
in a stimulus cycle. This was calculated also using the Scan4.3
software.
Statistical analyses were performed in SPSS 15.0 for Windows.3. Results
Figs. 1a, 2a and 3a show the grand average of the VEPs of all par-
ticipants elicited by L-M-cone, S-cone and achromatic stimulation,
respectively. Figs. 1b, 2b and 3b show representative examples of
individual VEPs from four participants elicited by the stimuli with
largest diameter.
The L-M- and S-cone stimuli elicited transient VEPs (Figs. 1 and
2, respectively), as expected from the temporal frequency of the
stimuli (2 rev/s). The transient VEPs obtained with L-M- and S-cone
stimulation show different characteristics. The grand average of
the VEPs of all participants obtained with L-M-cone stimulation,
suggested the presence of three positive components peaking at
around 80, 130, and 210 ms after stimulus reversal. However, these
three peaks were not always detected in individual VEPs, as it is
apparent in the examples given in Fig. 1b. Statistical analyses of
the amplitudes of these peaks revealed that only the amplitude
of the ﬁrst peak showed signiﬁcant effects of stimulus contrast
[F(1.6,21) = 7.4, p < 0.01] and size [F(2.7,35) = 9.2, p < 0.001].
The grand averages of the VEPs obtained with S-cone stimula-
tion are as expected different showing a positive peak at around
100 ms, P1, followed by a negative peak at 140 ms, N1, and a posi-
tive peak at 200 ms, P2 (Fig. 2a). The three peaks can be distin-
guished in most individual VEPs, as shown in the examples
(Fig. 2b). Statistical analyses of the peak amplitudes revealed sig-
niﬁcant effects of contrast and size for both P1 [effect of contrast:
F(4,52) = 24.5, p < 0.001; effect of size: F(3,39) = 23.7, p < 0.001] and
N1 [effect of contrast: F(1.68,38) = 16.3, p < 0.001; effect of size:
F(3,39) = 8.58, p < 0.001], but not for P2. In subsequent analyses,
we used peak to trough amplitude, P1–N1, as a measure of the re-
sponse amplitude.
The latency of the ﬁrst VEP peak is consistently shorter for L-M-
cone modulation when compared with the one elicited by S-cone
tsartno
C
0.850
0.675
0.500
0.325
0.150
Stimulus diameter
4º
A
B
tsartno
C
Subjects
0.850
0.675
0.500
0.325
0.150
ms ms ms ms
ms ms ms ms
10º 8º 6º
Subj 1 Subj 2 Subj 3 Subj 4
0 400200 0 400200 0 400200 0 400200
0 400200 0 400200 0 400200 0 400200
1 v
Fig. 2. Visual evoked potentials (VEPs) obtained with S-cone modulations. Positive
voltage is up. (A) Grand averages for ﬁve stimulus contrasts (labeled on the left) and
four stimulus sizes (labeled on top). (B) Representative examples of individual VEPs
from four participants, elicited by stimuli with 10 diameter and ﬁve different levels
of contrast (labeled on the left).
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Fig. 3. Visual evoked potentials (VEPs) obtained with achromatic modulations.
Positive voltage is up. (A) Grand averages for ﬁve stimulus contrasts (labeled on the
left) and four stimulus sizes (labeled on top). (B) Representative examples of
individual VEPs from four participants, elicited by stimuli with 10 diameter and
ﬁve different levels of contrast (labeled on the left).
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all stimuli, except for the stimuli with lowest contrast given that
the lowest contrast used for both L-M and S-cone stimulation did
not elicit a detectable response (Figs. 1 and 2). Statistical analyses
of the latency of the earliest peak showed a signiﬁcant effect of
stimulus contrast [L-M-cone stimulation: F(1.6,21) = 11.4, p < 0.01;
S-cone stimulation: F(2.5,33) = 21.8, p < 0.001] but no effect of stim-
ulus size [L-M-cone stimulation: F(3,39) = 1.46, p = 0.2; S-cone stim-
ulation: F(1.6,20) = 3.66, p = 0.054]. Indeed, the latencies decreased
steadily with stimulus contrast (Fig. 4). As it can be seen in
Fig. 4, the average latency for any contrast is always longer for S-
cone stimulation when compared with L-M-cone stimulation. For
statistical analyses, we took, for each participant, the average of
the latency of the ﬁrst peak elicited by S-cone or L-M-cone stimu-
lation. The S-cone latencies were signiﬁcantly longer than the L-M-
cone latencies (paired t-test, p < 0.0001). In average, the difference
in latency was 17 ms. A similar latency difference between the re-
sponse to L-M-cone and S-cone signals has been observed in the
macaque primary visual cortex (Cottaris & De Valois, 1998), in hu-
man VEP studies using pattern onset stimulation (Rabin, Switkes,
Crognale, Schneck, & Adams, 1994; Robson & Kulikowski, 1998)
and human psychophysics (Smithson & Mollon, 2004).
In order to maximize the magnocellular contribution to the re-
sponse of the achromatic channel, we used stimuli reversing at high
frequency (10 rev/s) (Lee, 1996). The high temporal frequency of the
achromatic stimuli elicited steady state VEPs with a cycling
frequency equal to the reversal rate of the stimulus (double of the
cycling frequency of the stimulus; Fig. 3). The shape of the positive
part of the response suggests the presence of two largely overlap-ping positive components. These two components could be detected
in themajority of the individual VEPs, as can be seen in the examples
given in Fig. 3b. As the two positive components overlap signiﬁ-
cantly, latency and amplitude of each of the peaks do not necessarily
represent the latency and amplitude of the underlying components
(Luck, 2004). Furthermore, for the analyses of the achromatic re-
sponse,we did not separate the contribution of the different compo-
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wave over the period of one stimulus cycle; a measure that repre-
sents a steady state indicator of the strength of the signal evoked
in the visual cortex (Luck, 2004). Repeated measures analyses,
including the within subjects variables contrast and size, revealed
that the mean amplitude of the achromatic response shows signiﬁ-
cant effects of contrast [F(1.24,16) = 17.0, p < 0.001], size
[F(1.58,21) = 21,0, p < 0.001] and interaction across these dimensions
[F(5.54,72) = 4.10, p < 0.01].
Fig. 5 shows the contrast-response functions of the human
visual cortex elicited by the three different types of stimulation.
For each stimulus type we used ﬁve different levels of contrast
and four different stimulus sizes. For the L-M-cone response, we
plotted the amplitude of the ﬁrst positive peak (Fig. 5, top).0.3
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Fig. 5. Average VEP amplitude as a function of cone contrast, for four different
stimulus sizes (approximate stimulus diameters shown in legend next to each
graphic). The top graphic shows the responses elicited by L-M-cone stimulation; the
middle graphic the responses elicited by S-cone stimulation and the bottom graphic
the responses elicited by achromatic stimulation. Error bars represent standard
errors of the mean. Both the L-M-cone and achromatic stimuli elicited saturating
contrast-response functions while the S-cone stimulation evoked linear contrast-
response functions.Repeated measures analyses, including the within subjects vari-
ables contrast and size, showed a signiﬁcant effect of stimulus con-
trast and size, as reported above. Furthermore, post-hoc analysis of
contrast-responses showed that the responses for the two highest
contrasts were not signiﬁcantly different (p = 0.7), suggesting re-
sponse saturation. However, this lack of signiﬁcance might, as an
alternative explanation, be due to the intersubject variability that
could be masking the linearity of the response.
The amplitude of the S-cone response was taken as the peak-to-
peak amplitude, P1–N1. Repeated measures analyses, including the
within subjects variables contrast and size, revealed that the peak-
to-peak amplitude showed a signiﬁcant effect of contrast
[F(1.6,20) = 42.1, p < 0.001] and size [F(1.4,18) = 31.7, p < 0.001] and a
signiﬁcant interaction between the effects of contrast and size
[F(4.3,56) = 5.7, p < 0.001], reﬂecting the different slopes of the con-
trast-response functions for the different stimulus sizes (Fig. 5,
middle). Post-hoc analysis of contrasts revealed a signiﬁcant in-
crease of the response for all stimulus contrasts (p < 0.01), suggest-
ing that the response to S-cone modulation does not saturate
within the levels of contrast used. Indeed, for all stimulus sizes,
the responses are well ﬁtted by linear functions (p < 0.01). The dif-
ferent slopes of the contrast-response curves obtained for the dif-
ferent stimulus sizes are what would be expected if a bigger
stimulus was recruiting more neurons and each of these units in-
creased its response linearly with contrast.
Themean amplitude of the achromatic response showed saturat-
ing responses with contrast for all stimulus sizes used, as expected
from previous reports of contrast-response functions elicited by
achromatic stimulation. Indeed, post-hoc analysis of the contrast-
responses showed a signiﬁcant increase of the response with con-
trast (p < 0.05) except for the two highest contrasts (p = 0.2) where
the responseswere not signiﬁcantly different, in agreementwith re-
sponse saturation. The achromatic response showed a signiﬁcant ef-
fect of interaction between the variables contrast and size, probably
reﬂecting, the increase in slopewith stimulus size observed and that
had been described before for achromatic stimulation (Wright &
Johnston, 1982). However, the shape of the contrast-response func-
tions did not change with stimulus size. The increase in amplitude
with size probably follows the increase in number of neurons acti-
vated by the stimulus in accordance with the retinotopic organiza-
tion of the early visual system. As neuronal density is constant
within the visual cortex (Rockel, Hiorns, & Powell, 1980), the num-
berof cortical neuronsactivated is proportional to the areaof thepri-
mary visual cortex activated by the stimuli. Polimeni,
Balasubramanian, and Schwartz (2006) proposed a mathematical
representation of the area of V1 activated by achromatic circular
stimuli centered in the fovea. Using their model, we calculated
how this cortical area varies as a function of stimulus diameter.
According to the cortical magniﬁcation factor, the area of V1 acti-
vated increases logarithmically with stimulus diameter (Fig. 6). In
Fig. 7, we plotted the amplitude of the visual evoked potentials
versus the natural logarithm of the radius of the stimuli. The size
response functions obtained with S-cone and achromatic stimula-y = 404.62Ln(x) + 145.72
R2 = 0.9994
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Fig. 6. Area of primary visual cortex activated by an achromatic circular stimulus,
presented in the centre of the visual ﬁeld, as a function of stimulus radius. Data
points were determined using the model proposed by Polimeni et al. (2006). Dashed
line is best logarithmic ﬁtting. Equation and R-square of logarithmic ﬁt are shown.
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radius, except for the lowest stimulus contrast where the responses
did not increase signiﬁcantly with size (achromatic linear size re-
sponse functions for increasing contrasts: r = 0.852, r = 0.995,
r = 0.973, r = 0.978 and r = 0.998; S-cone: r = 0.676, r = 0.996,
r = 0.992, r = 0.985 and r = 0.995). For all contrasts tested, the L-M-
cone modulation also elicited a response that showed a signiﬁcant
effect of stimulus size [F(2.7,35) = 9.2, p < 0.001]. However, the linear
ﬁt of the size response functions elicited by L-M-cone modulation
did not explain as much variance as the S-cone and achromatic re-
sponses (L-M-cone linear size response functions for increasing con-
trasts: r = 0.886, r = 0.962, r = 0.872, r = 0.968 and r = 0.835). The
increase in response amplitude with size also seems to be smaller
for the L-M-cone stimulation than for S-cone stimulation. To make
the responses comparable, wemeasured the increase in peak ampli-
tude for the ﬁrst positive peak of the L-M- and S-cone stimulation,
taking the average of the responses for all contrasts elicited by each
stimulus size. The S-cone responses elicited by the biggest stimuliwere 0.98 ± 0.14 lV (mean ± standard error) higher than the re-
sponses elicited by the smallest stimuli; while the increase in L-M-
cone responses with stimulus size was 0.49 ± 0.09 lV. This differ-
ence was statistically signiﬁcant (paired t-test, p < 0.01), suggesting
that the effect of size on cortical response obeys different rules for L-
M-cone mechanism and S-cone mechanism.
It has been suggested that chromatic pattern-reversal stimula-
tion elicits VEPs of low signal to noise ratio and that onset-offset
stimulation is more appropriate to probe the chromatic channels
(Rabin et al., 1994; Robson, Holder, Moreland, & Kulikowski,
2006). Rabin et al. (1994) suggested that the difference between
the responses to these two types of stimulation occurs due to dif-
ferent levels of contrast adaptation. In order to verify if, during our
L-M-cone stimulation protocol, cortical responses were diminish-
ing due to contrast habituation, we measured evoked potentials
elicited during the ﬁrst 5 min of stimulation (early responses)
and compared these with the potentials evoked during the second
5 min of stimulation (late responses). We expected to detect a
reduction in the amplitude of the late evoked potentials if adapta-
tion was occurring. However, within subjects repeated measures
analysis revealed no signiﬁcant difference between early and late
evoked potentials [F(1,13) = 1.0, p = 0.3]. As expected, the ampli-
tudes of evoked potentials calculated in this manner showed sig-
niﬁcant effects of stimulus contrast [F(4,52) = 3.8, p < 0.01] and size
[F(3,39) = 4.7, p < 0.01]. These results suggest that our stimulation
protocol, with stimulus contrast and/or size changing randomly
every 3 s, does not induce signiﬁcant contrast adaptation.4. Discussion
One of the main ﬁndings of our paper was the identiﬁed correla-
tion between previously characterized psychophysical mechanisms
and population responses in the visual cortex. Such a fundamental
correlation could be established based on physiological properties
of the chromatic and achromatic visual channels. Contrast-response
functionswere distinct for each of the pathways and consistentwith
what is known from single cell animal studies and population re-
sponses as inferred from human psychophysics and fMRI. Most
importantly, our data suggests a parallel between the achromatic
and S-cone pathways, in spatial summation, that might indicate a
similar role for the S-cone pathway in peripheral spatial vision.4.1. Area summation
As expected, both the chromatic and achromatic post-receptor-
al mechanisms showed signiﬁcant effects of stimulus size. Interest-
ingly, there were differences between the area summation
observed in the L-M-cone response and the other two mechanisms.
The responses to luminance and S-cone stimulation were propor-
tional to the area of visual cortex activated suggesting that their re-
sponses did not change across eccentricities and were proportional
to the number of neurons stimulated. This observation suggests
that the retinotopic distribution of neurons responding to S-cone
contrast in visual cortex is similar to the distribution of neurons
that respond to luminance contrast, decreasing with the logarithm
of the distance to the fovea. Accordingly, fMRI studies have shown
that the spatial response of V1 to blue-yellow stimulation is similar
to the response to achromatic stimulation, in that both response
types vary little with eccentricity (Mullen et al., 2007; Vanni
et al., 2006). In contrast, the average L-M-cone response did not
correlate with the area of cortex activated and the increase in the
response elicited by L-M-cone stimulation with stimulus size was
signiﬁcantly smaller than for S-cone stimulation. This smaller ef-
fect of stimulus size is consistent with the foveal bias of the L-M-
cone mechanism suggested by psychophysical, functional and ana-
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Mullen, Sakurai, & Chu, 2005; Mullen et al., 2007; Sakurai & Mul-
len, 2006; Silva et al., 2008; Vanni et al., 2006; Yamada, Silveira,
Perry, & Franco, 2001). Furthermore, the L-M-cone response did
not show an interaction between the effects of size and contrast.
In contrast, there was an effect of stimulus contrast on the size
response functions elicited by S-cone and luminance stimulation.
The lack of interaction between effects of contrast and size in the
response to L-M stimulation suggests a different interaction be-
tween area summation and contrast response probably due to dif-
ferent properties in the L-M-cone contrast response in the central
and peripheral visual ﬁelds. In other words, we provide additional
evidence suggesting that, within our range of eccentricities, the
spatial processing of S-cone and achromatic mechanisms are closer
as compared with the L-M-cone channel. However, it is possible
that the similarities between the S-cone and luminance channels
emerge due to activation of the luminance channel by the S-cone
stimuli. Indeed, VEP studies have indicated luminance intrusion
in large S-cone isolating stimuli (Kulikowski, Robson, & McKeefry,
1996; Robson et al., 2006). Yet, we believe that this luminance
intrusion is minimal (Switkes, Crognale, Rabin, Schneck, & Adams,
1996). Indeed, Mullen et al. (2007) used large, 12 diameter, S-cone
isolating stimuli in an fMRI study. Their results strongly suggest
that the cortical response elicited by their S-cone stimuli comes
largely from the S-cone channel and not the achromatic channel.
For instance, S-cone stimulation did not activate MT+, a dorsal
stream area that receives strong input from the luminance channel,
even at low luminance contrasts, but responds poorly to chromatic
stimuli (Liu & Wandell, 2005; Tootell et al., 1995). This evidence
indicates that, even if there is some luminance intrusion in our
S-cone isolating stimuli, the majority of the cortical response re-
ﬂects activation of the S-cone channel.
4.2. Latency differences
The responses to the two types of chromatic stimulation peaked
at different latencies after stimulus reversal, with the responses to
L-M-cone modulation being faster than the S-cone responses. We
compared latencies obtained with higher S-cone contrasts with
latencies obtained with lower L-M-cone contrasts. The two ranges
of contrasts were different because the S-cone pathway is less sen-
sitive than the L-M pathway and L-M-cone isoluminance can only
be obtained at low cone contrasts. However, because the S-cone re-
sponses showed higher latencies for higher cone contrasts and the
latencies decreased signiﬁcantly with contrast for both channels,
then if we had used lower S-cone contrasts equivalent to the low
L-M-cone contrasts used, the latency difference would be even
higher and, therefore, still signiﬁcant. Furthermore, the differences
in latencies observed are consistent with previous observation in
the macaque primary visual cortex (Cottaris & De Valois, 1998),
in human VEP studies (Rabin et al., 1994; Robson & Kulikowski,
1998) and human psychophysics (Smithson & Mollon, 2004; Wade,
2009), conﬁrming that, in this study, we are probing the two chan-
nels separately. Cortical signal ampliﬁcation has been proposed as
an explanation for the slow cortical response to S-cone stimulation
(Cottaris & De Valois, 1998). Cortical ampliﬁcation of the S-cone re-
sponse was supported by a recent study that showed that the re-
sponse to S-cone stimulation is relatively weak in sub-cortical
regions but strong in the cortex (Mullen, Dumoulin, & Hess,
2008). In our study, we also observed a strong S-cone response
consistent with signal ampliﬁcation.
4.3. Contrast responses
The saturating contrast-response functions elicited by L-M-cone
stimulation were unexpected. L-M-cone stimulation activatesmostly theparvocellular pathwayand the responseof LGNparvocel-
lular neurons is approximately proportional to stimulus contrast
(Kaplan& Shapley, 1982; Solomon& Lennie, 2005). However, the re-
sponseof cortical neurons to chromatic stimulation ismore variable.
In fact, for visual stimulation that modulates L-M-cone contrast, a
signiﬁcant proportion of V1 neurons show contrast-response func-
tions that saturate at medium contrast levels (Solomon & Lennie,
2005). Consistent with our ﬁndings, other VEP and fMRI studies
revealed saturating contrast-response functions elicited by isolumi-
nant red-green gratings (Alexander, Rajagopalan, Seiple, Zemon, &
Fishman, 2005; Porciatti, Bonanni, Fiorentini, & Guerrini, 2000;
Regan, 1973; Vanni et al., 2006). On the contrary, other VEP studies
have described linear red-green chromatic contrast-response func-
tions (Greenstein, Seliger, Zemon, &Ritch, 1998; Porciatti & Sartucci,
1999; Souza et al., 2008). Differences in stimulation paradigms,
stimulus chromaticities, range of contrasts used or methods for
amplitude calculation might be the cause for this difference. Fur-
thermore, it is possible that the intersubject variability of the
responses present in our data has masked a putatively more linear
contrast response function. In addition, temporal contrast adapta-
tion mechanisms could be a potential alternative explanation for
the saturating contrast-response functions. However, we did not
ﬁnd any evidence for such effect in our data.
Unlike luminance and L-M-cone contrasts, S-cone contrast elic-
ited cortical responses proportional to stimulus contrast with no
evidence of saturation. This result is consistent with the linear re-
sponse of koniocellular neurons sensitive to S-cone modulation in
the LGN (Tailby, Solomon, & Lennie, 2008). Moreover, in the V1 of
themacaque, themajority of cells that responded strongly to S-cone
modulation showed linear contrast-response functions (Solomon &
Lennie, 2005). In fact, in agreementwith our study,modulation of S-
cone excitation elicited the most linear responses in V1 (Solomon &
Lennie, 2005). Furthermore, the absence of saturation in our S-cone
contrast responses is in accordance with a contrast discrimination
study that showed no masking within our levels of S-cone contrast
(Wade, 2009). Previous studies have, however, reported responses
to S-cone stimulation that deviate from linearity (Rabin et al.,
1994; Vanni et al., 2006). It is possible that some of the inconsisten-
cies found are due to differences in stimulus properties. Rabin et al.
(1994) measured VEPs of onset visual presentation, while, in our
study and the single cell recordings mentioned, the visual stimuli
were phase reversing gratings. Vanni et al. (2006) used multifocal
fMRI to study the response of human V1 to chromatic modulation
and found that cortical population responses to S-cone modulation
show saturation that, nevertheless, deviates less from linearity than
the one observed for L-M-cone modulation. Therefore, most likely,
all three channels will show saturation of the response although in
distinct amountswhen compared across similar stimuli. In any case,
some level of saturation should be present which is consistent with
contrastdiscriminationstudies revealing theeffect ofmasking for all
three channels, suggestive of compression of the respective
contrast-response functions (Campbell & Kulikowski, 1966; Chen,
Foley, & Brainard, 2000; Losada & Mullen, 1994).
Onset presentation has been shown to elicit stronger chromatic
VEP responses, as opposed to pattern-reversal stimulation (Rabin
et al., 1994). Furthermore, Robson et al. (2006) suggested that
evoked potentials elicited by pattern-reversal chromatic stimula-
tion reﬂected the activity of luminance and not chromatic chan-
nels. However, fMRI studies using pattern-reversal stimulation
showed distinct patterns of brain activation for achromatic and
chromatic patterns (Liu & Wandell, 2005; Vanni et al., 2006), sug-
gesting that, contrary to what was proposed, pattern-reversal chro-
matic stimulation activates the chromatic channels. In addition,
previous VEP studies have shown that chromatic pattern-reversal
stimulation elicits signiﬁcant evoked potentials (Alexander et al.,
2005; Baseler & Sutter, 1997; Gomes et al., 2008; Kulikowski
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& Valberg, 2005; Souza et al., 2008). Therefore, we believe that
although onset pattern presentation evokes chromatic responses
with larger signal to noise ratio, pattern-reversal mode of stimula-
tion is also appropriate to probe chromatic channels.
We conclude that psychophysical chromatic and achromatic
detection mechanisms can be tightly linked with population re-
sponses in human visual cortex in a way that reﬂects the response
properties of ensembles of visual neurons.
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